A new type of cement, namely the high-belite cement (HBC) has been made in industrial scale in a trial production in China. The kiln feed raw mix proportions are adjusted so as to produce a clinker with the belite phase proportion as high as 60-70%, and alite phase around 15-20%. This paper studied the mechanical and durability properties of high strength concrete made with HBC as the binder. For comparison purpose, concrete with same strength made with ordinary Portland cement (OPC) was also cast and tested. Results show that the concrete made with HBC has comparable strength and durability properties with that made with OPC. 
INTRODUCTION
Cement industry is responsible for 4-6% of all anthropogenic CO2 emissions. In 2010 global cement production has reached 3,300 M tones. Taking the fact that nearly 0.9 ton CO2 is produced for every 1 ton cement produced, cement industry contributed 2970 M tons of CO2 in 2010 [1] . China has been the largest cement producing country since 1985, with the cement production accounted for over half of the world's total cement since 2006. In 2014, output of cement in China has reached over 2.4 billion tons [2] . The rapid development of cement industry has brought severious environmental problems. It is the responsibility of the cement industry to reduce CO2 emission and energy consumption in cement production process.
The manufacture process of Portland cement emits CO2 in two direct ways. The primary source of CO2 emission is the decomposition of calceous material, mainly limestone resulting in CaO and CO2. The other source is the burning of fossil fuels in order to achieve the sintering temperature in kiln as high as 1450º C. In order to reduce CO2 emission and energy consumption, it would be radical to reduce the proportion of alite phase in clinker, which usually occupies around 60% of Portland cement by mass, hence to lower the amount of calceous material needed.
Some cases have been reported to produce low alite clinker in both research and industry, including the production of sulfoferroaluminate-belite cements at industrial scale [3] , alinite based cements based on former USSR patents [4] , belitic cement produced from calcinations at 900ºC [5] , or the use of pozzolanic blended cements. However, problems occurred in all these attempts. Either their property and performance were distance from traditional Portland cement, or their capacity to reduce CO2 emission was proved limited.
A new type of cement, HBC was produced in industrial scale in a seven-day trial project in a BBMG cement factory in Beijing. Altogether three thousand tons of high-belite clinkers were produced. The kiln feed raw mix proportions were adjusted so as to produce a clinker with the belite phase proportion as high as 60-70%, and alite phase around 15-20%. Compared to the manufacture of OPC, the CO2 emission was reduced by about 15%, and the sintering temperature was lowered by 100ºC so that the consumption of fossil fuel and electricity was reduced by over 20% and 10% respectively. The new cement HBC is believed to be a low-carbon and low-energy type of cement with significant potential in reducing gas emission and energy consumption.
The main purpose of this paper is to study the durability properties of high strength concrete made with HBC cement. For comparison purpose, concrete specimens with the same strength made with OPC were also tested for various ages.
MATERIALS AND METHODS

Raw Materials
Two types of cement, HBC and OPC were used in this research. During the trial manufacture, one kg of HBC clinker nodules were taken from the production line every two hours, which were later ground and mixed together to ensure homogeneity for the clinker sample. Similar to OPC, the high-belite clinker powders were then mixed with about 5% of gypsum in order to control the setting behavior.
The chemical and mineralogical composition of the HBC and OPC determined by means of X-ray fluorescence (XRF) and quantitative X-ray diffraction (XRD) using Rietveld analysis [6] is shown in Table 1 . The XRF analysis results show that HBC has lower content of calcium oxide, and higher content of silicon oxide than OPC. According to the mineralogical phase composition results by XRD, the belite phase, which is mainly composed of β and α´ types, is totally only 17.9% for OPC, while for HBC, the belite phase is as high as 64.4%. On the other hand, alite in OPC is 62.1% of mass, much higher than that of HBC which is 17.3%. The other distinguished characteristic about the mineralogical composition of HBC is that it has much smaller amount of aluminate phase. Class F low calcium fly ash, S95 blast furnace slag and silica fume were used in the concrete mixtures. Table 2 shows chemical composition of the mineral admixtures fly ash, blast furnace slag and silica fume. The physical properties of cement, fly ash, slag and silica fume are given in Table 3 . Crushed stone and natural river sand were used as the coarse and fine aggregates for the concrete mixtures respectively. The nominal size of the crushed stone was 19 mm. The density of crushed stone was 2820 kg/m 3 with the moisture content 0.2%. The density of river sand was 2670 kg/m 3 with the moisture content 2.1%.
Concrete Mixture
In order to investigate the durability properties of high strength concrete made with HBC, concrete mixture for C80, i.e., concrete with compressive strength after 28 days of curing larger than 80 Mpa, was chosen in this study. The absolute volume method was used to proportion the concrete mixtures ( Table 4 ). The fraction of fly ash, slag and silica fume was determined based on the routine proportion which required concrete to be self-compact and with high workability. The slump of the concrete mixtures was kept at about 270 mm by the use of superplasticizers. 
EXPERIMENTAL METHODS
Compressive Strength
Compressive strength tests were performed using a Hualong compression machine with a loading capacity of 3000 kN, at the loading rate of 500 kN/min. The compressive strength was measured at the ages of 3, 7, 14, 28, 56 and 91 days according to National China standard GB/T 50081-2002.
Drying shrinkage
In the drying shrinkage tests, the concrete prisms were removed from the moisture room after 3 days of curing. The initial length of each specimen was measured. The specimens were stored in the lab environment with a temperature of 25±2ºC and a relative humidity of 60±5%. A new test facility was designed specifically to measure the length of each specimen without disturbing so as to ensure the stability and accuracy of the results. As shown as in Fig. 1(a) , the facility was composed of a holding frame and a dial indicator with the accuracy as high as 0.001 mm. The concrete prisms were installed and stabilized with the frame. The dial indicator was attached to the frame with the gauge head touching with the top surface of the concrete. No moving and touching is allowed during the measure process. The reading of each dial indicator was taken once a day before 42 days of curing and once every three days afterwards.
Creep
In the creep test, the concrete prisms were removed from the curing room after 28 days. The lengths of the specimens were measured first and were installed in a hydraulic spring-loaded creep frame as shown in Fig. 1(b) . Two specimens for each concrete were tested. A constant stress equal to 30% of the concrete compressive strength at 28 days was applied to the specimens through an automated hydraulic system for 60 days. A metal frame was fixed to the specimen through two shroud rings spacing 150 mm apart. A dial indicator with the accuracy of 0.001 mm was attached to the top ring while the gauge head touched with a metal bar fixed with the bottom ring. The change of the specimen's length was read through the dial indicator. The creep test was conducted in the lab environment with a temperature of 25±2ºC and a relative humidity of 60±5%. In order to eliminate the influence of drying shrinkage, the actual creep strain of the concrete was calculated by subtracting the drying shrinkage values developed after 28 days from the average deformation of the concrete specimens under applied load. 
Chloride ion Penetration
The resistance of concrete to chloride ion penetration was tested using the Rapid Chloride Ions Migration (RCM) method as described in National China standard GB/T 50082-2009. After 28 days of curing, the Φ100X200 mm concrete cylinders were moved from moisture room and cut into three Φ100X50 mm cylinders. Afterwards, the cylinders were placed in a vacuum container and stored in vacuum condition for 3 hours. Then the specimens were immersed in calcium hydroxide solution for 18±2 hours. The specimens were later placed in the test slots. The top of the specimens was immersed with 0.3 mol/L sodium hydroxide solution, while the bottom of specimens with 10% sodium chloride solution. After the test, specimens were cleaned with deionized water and split into two halves using splitting tensile test facility. Spray silver nitrite solution onto the fracture surface until the chloride-ion penetrated area showed a different color than other area so that the depth could be measured by a caliper gauge. At least five points should be taken for measurement and the average value to be calculated. The RCM coefficient is calculated by the Eq. 1. A smaller RCM coefficient denotes stronger resistance of the concrete to chloride ion penetration. 
Carbonation
The resistance of concrete to carbonation was tested in accordance with the National China standard GB/T 50082-2009. The two ends of each specimen were sealed with paraffin wax, and placed in a carbonation box with 20±3% carbon dioxide by volume, at the relative humidity of 75±5% and temperature of 20±3ºC. Specimens were taken out of the box at the age of 3 days, 7 days, 14 days and 28 days. A prism of 50 mm thick was cut from one head of each specimen and sprayed with a phenolphthalein solution immediately. The carbonated concrete remained grey while the uncarbonated concrete showed a bright pink color so that the carbonation depth could be measured by a caliper gauge. The average values of the depths at different positions were used for evaluation.
Water Penetration
The resistance of concrete to water penetration was measured according to a modified version of the National China standard GB/T 50082-2009. After 28 days of curing in moisture room, the specimens were taken out and dried in room temperature. The specimens were then covered with paraffin wax, and installed in preheated molds. The paraffin wax was melted to seal the concrete specimens together with the test facility. Hydraulic pressure was applied on the specimens starting from 0.1 Mpa. The pressure increased 0.1 Mpa every 8 hours until the maximum pressure of 3.3 Mpa was reached. After the test, specimens were cleaned with deionized water and split into two parts using splitting tensile test facility. The average values of the water penetration depth at six different positions were calculated for evaluation.
Freezing and Thawing
The resistance of concrete to freezing and thawing was measured according to the test method for rapid freezing and thawing as described in National China standard GB/T 50082-2009. After 24 days of curing in moisture room, the specimens were taken out and submerged in water at temperature of 20±2ºC for 4 days. The specimens were then put into plastic specimen boxes and submerged with water. The boxes were put into the test facility and subjected to freezing and thawing cycles during which the internal temperatures of specimens were changing between -18±2ºC and 5±2ºC. The test was paused every 25 cycles to measure the mass and transversal fundamental frequency of concrete specimens.
RESULTS AND DISCUSSION
Compressive Strength
The compressive strength of C80 concrete made with OPC and HBC are presented in Fig. 2 . Each presented value is the average of three measurements. It is noted that the early compressive strength of C80-HBC, especially that of 3 and 7 day strength was much lower than C80-OPC. It is probably because HBC has nearly 65% belite phase which is well known for its relatively slower hydration, thus slower strength development than OPC. The compressive strength at the age of 28 days was higher than 80 Mpa, fulfilling the strength requirement of C80 concrete. It is noteworthy that the compressive strength of C80-HBC at 91 days was even higher than C80-OPC, implying the concrete made with HBC has the potential to yield even higher strength at later ages than concrete made with OPC.
DRYING SHRINKAGE
The drying shrinkage curves of the C80 concrete made with HBC and OPC are given in Fig. 3 . Each presented value is the average of three measurements. It is shown that the drying shrinkage of C80-HBC is slightly higher than C80-OPC during the whole test duration. At the same time, the development of the drying shrinkage of C80-HBC was faster, with 88% of total shrinkage at 90 days was reached than C80-OPC, with 80% reached at the 14 days. The fluctuation at the 38 and 50 days might be due to the fluctuation of relative humidity. Creep Fig. 4 shows the creep strain for C80 concrete made with HBC and OPC. Each presented value is the average of two measurements. The creep strains were calculated by subtracting the drying shrinkage values developed after 28 days from the deformation of the corresponding concrete under applied load. After 28 days of curing, the effect of autogenous shrinkage on the creep strain was considered less significant. The creep of C80-HBC was relatively smaller than that of C80-OPC.
Chloride ion Penetration
The resistance of two concretes to chloride ion penetration is shown in Table 5 . The results show that the RCM coefficient of C80-HBC is lower than C80-OPC, indicating it has higher resistance to chloride ion penetration. 
Carbonation
The carbonation depths of concrete C80-HBC and c80-OPC are given in Table 5 . Both concretes show little sign of carbonation reaction until after 14 days of curing. The average carbonation depth of C80-HBC is smaller than C80-OPC, especially after 14 and 28 days of curing. 
Water Penetration
Hydraulic pressure of 3.3 Mpa was applied on the specimens during the water penetration test. After the test, specimens were cleaned and split into two parts and the water penetration depths were measured. The average water penetration depth of C80-HBC was 5.7 mm, while that of C80-OPC was 6.0 mm. The resistance of concretes made with HBC and OPC to water penetration is almost identical.
CONCLUSIONS
The presented work mainly investigates the durability properties of concrete made with HBC and compared with those of OPC. There are several conclusions can be made based on the results of this study.
1. The early compressive strength of C80-HBC was lower than C80-OPC. The compressive strength of C80-HBC at 28days fulfilled the strength requirement of C80 concrete. The compressive strength of C80-HBC at 91 days was higher than C80-OPC, implying the concrete made with HBC has the potential to yield even higher strength at later ages than concrete made with OPC.
2. The drying shrinkage of C80-HBC is slightly higher and the development of the drying shrinkage of C80-HBC was relatively faster than C80-OPC.
3. In this study, concrete C80-HBC showed comparable, if not better durability properties as C80-OPC, including lower creep, better resistance to carbonation, chloride ion penetration, water penetration and freezing and thawing cycles.
4. The above conclusions are made based on a single concrete mixture, thus additional research should be conducted to verify them. Further research should be done on the mechanical and durability properties of concrete made with HBC at various strength levels.
